$h,Z\to \ell_i \bar\ell_j$, $\Delta a_{\mu}$, $\tau\to (3\mu,\mu
  \gamma)$ in generic two-Higgs-doublet models by Benbrik, R. et al.
ar
X
iv
:1
51
1.
08
54
4v
3 
 [h
ep
-p
h]
  2
5 J
ul 
20
16
KIAS-P15060
h, Z → ℓiℓ¯j, ∆aµ, τ → (3µ, µγ) in generic two-Higgs-doublet models
R. Benbrik ∗,1, 2 Chuan-Hung Chen †,3 and Takaaki Nomura ‡4
1LPHEA, Semlalia, Cadi Ayyad University, Marrakech, Morocco
2MSISM Team, Faculte´ Polydisciplinaire de Safi,
Sidi Bouzid B.P 4162, 46000 Safi, Morocco
3Department of Physics, National Cheng-Kung University, Tainan 70101, Taiwan
4School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Republic of Korea
(Dated: August 27, 2018)
Abstract
Inspired by a significance of 2.4σ for the h → µτ decay observed by the CMS experiment
at
√
s = 8 TeV, we investigate the Higgs lepton-flavor-violating effects in a generic two-Higgs-
doublet model (THDM), where the lepton-flavor-changing neutral currents are induced at the tree
level and arise from Yukawa sector. We revisit the constraints for generic THDM by considering
theoretical requirements, precision measurements of δρ and oblique parameters S, T , and U , and
Higgs measurements. The bounds from Higgs data play the major limits. With parameter values
that simultaneously satisfy the Higgs bounds and the CMS excess of the Higgs coupling to µ-
τ , we find that the tree-level τ → 3µ and the loop-induced τ → µγ decays are consistent with
current experimental upper limits; the discrepancy in muon g − 2 between experimental results
and standard model predictions can be resolved, and an interesting relation between muon g − 2
and the branching ratio (BR) for µ→ eγ is found. The generic THDM results show that the order
of magnitude of the ratio BR(h → eτ)/BR(h → µτ) is smaller than 10−4. Additionally, we also
study the rare decay Z → µτ and get BR(Z → µτ) < 10−6.
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The observed-flavor-changing neutral currents (FCNCs) in the standard model (SM) oc-
cur at the loop level of the quark sector and originate from W -mediated charged currents,
such as K − K¯, B − B¯, and D − D¯ mixings and b → sγ. Due to the loop effects, it is
believed that these FCNC processes are sensitive to new physics. However, most of these
processes involve large uncertain non-perturbative quantum chromodynamics (QCD) effects;
therefore, even if new physics exist, it is not easy to distinguish them from the SM results
due to QCD uncertainty.
The situation in the lepton sector is different. Although the SM also has lepton FCNCs
(e.g., µ→ eγ and τ → (e, µ)γ) they are irrelevant to QCD effects and highly suppressed; if
any signal is observed, it is certainly strong evidence for new physics. It is thus important
to search for new physics through the lepton sector [1–3].
With the discovery of a new scalar with a mass of around 125 GeV at the ATLAS [4] and
CMS [5] experiments, we have taken one step further toward understanding the electroweak
symmetry breaking (EWSB) through spontaneous symmetry breaking (SSB) mechanism in
the scalar sector. With
√
s = 13 − 14 TeV, the next step for the High Luminosity Large
Hadron Collider (LHC) is to explore not only the detailed properties of the observed scalar,
but also the existence of other Higgs scalars and new physics effects.
CMS [6] and ATLAS [7] have recently reported the measurements of h→ µτ decay in pp
collisions at
√
s = 8 TeV. At the 95% confidence level (CL), the branching ratio (BR) for
the decay at CMS is BR(h → µτ) < 1.51% and that at ATLAS is BR(h → µτ) < 1.85% .
Additionally, a slight excess of events with a significance of 2.4σ was reported by CMS, with
the best fit of BR(h→ µτ) = (0.84+0.39−0.37)%. If the excess is not a statistical fluctuation, the
extension of the SM becomes necessary. Inspired by the excess of events, possible new physics
effects have been studied [8–29]. The earlier relevant works have been investigated [30–40].
Following the measurements of ATLAS and CMS of the couplings of Higgs to leptons,
we investigate the lepton flavor violation (LFV) in a generic two-Higgs-doublet model
(THDM) [41]. The THDM includes five physical scalar particles, namely two CP-even
bosons, one CP-odd pseudoscalar, and one charged Higgs boson. According to the form
in which Higgs doublets couple to fermions, the THDM is classified as type I, II, and III
models, lepton-specific model, and flipped model [42]. The minimal supersymmetric SM
(MSSM) belongs to the type II THDM, in which one Higgs doublet couples to up-type
quarks while the other couples to down-type quarks. The type III THDM corresponds to
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the case in which each of the two Higgs doublets couples to all fermions simultaneously. As
a result, tree-level FCNCs in the quark and charged lepton sectors are induced. Considering
the strict experimental data, it is interesting to determine the impacts of the type III model
on the LFV.
If we assume no new CP-violating source from the scalar sector, such as the type II model
and MSSM, the main new free parameters are the masses of new scalars, tanβ = v2/v1
and angle α, where tan β is related to the ratio of the vacuum expectation values (VEVs)
of two Higgs fields and the angle α stands for the mixing effect of two CP-even scalars.
Basically, these two parameters have been strictly constrained by the current experimental
data, such as ρ-parameter, S, T , and U oblique parameters, Higgs searches through h →
(γγ,WW ∗, ZZ∗, ττ, bb¯), etc. In order to show the correlation of free parameters and these
experimental bounds, we revisit the constraints by adopting the χ-square fitting approach.
it can be seen that although the allowed values of cos(β − α) approach the decoupling limit
(i.e., α ∼ β − π/2) if cos β is sufficiently small, the BR for h→ µτ could still be as large as
the measurements from ATLAS and CMS.
Besides the h→ ℓiℓ¯j decays, the type III model has also significant effects on other lepton-
flavor-conserving and -violating processes, such as muon anomalous magnetic moment, µ→
3e, µ(τ) → e(µ, e)γ, Z → ℓiℓ¯j, etc. Although concrete signals for lepton-flavor-violating
processes have not been observed yet, the current experimental data with BR(µ → 3e) <
10−12 and BR(µ → eγ) < 5.7 × 10−13 [44] have put strict limits on µ → 3e and µ → eγ,
respectively. Combing the LHC data and the upper limits of the rare lepton decays, we
study whether the excess of muon g − 2 can be resolved and whether the BRs of the listed
lepton FCNC processes are consistent with current data in the type III THDM.
To indicate the scalar couplings to fermions in the type III model, we express the Yukawa
sector as:
−LY = Q¯LY u1 URH˜1 + Q¯LY u2 URH˜2
+ Q¯LY
d
1 DRH1 + Q¯LY
d
2 DRH2
+ L¯Y ℓ1 ℓRH1 + L¯Y
ℓ
2 ℓRH2 + h.c. , (1)
where we have hidden all flavor indices, QTL = (u, d)L and L
T = (ν, ℓ)L are the SU(2)L quark
and lepton doublets, respectively, Y f1,2 are the Yukawa matrices, H˜i = iτ2H
∗
i with τ2 being
3
the second Pauli matrix, the Higgs doublets are represented by:
Hi =
 φ+i
(vi + φi + iηi)/
√
2
 , (2)
and vi is the VEV of Hi. Equation (1) can recover the type II THDM if Y
u
1 , Y
d
2 , and Y
ℓ
2
vanish. Before EWSB, all Y f1,2 are arbitrary 3 × 3 matrices and fermions are not physical
eigenstates; therefore, we have the freedom to choose Y u1 , Y
d
2 , and Y
ℓ
2 to have diagonal forms;
that is, Y u1 = diag(y
u
1 , y
u
2 , y
u
3 ) and Y
d,ℓ
2 = diag(y
d,ℓ
1 , y
d,ℓ
2 , y
dℓ
3 ).
By the measurements of neutrino oscillations, it is known that the SM neutrinos are
massive particles. Since the origin of neutrino masses is not conclusive, in order to introduce
the neutrino masses and avoid changing the structure of scalar interactions in the THDM,
the neutrino masses can be generated through the type-I seesaw mechanism [46]. If we
include three heavy right-handed neutrinos, the associated Yukawa couplings are given by:
− YN =
(
L¯
(
y1H˜1 + y2H˜2
)
N + h.c.
)
+
1
2
N TCmNN , (3)
where we have suppressed the flvaor indices, Ni = Ni stands for the heavy right-handed
neutrino, and diagmN = (mN1, mN2, mN3) in flavor space. Accordingly, the neutrino mass
matrix is expressed as:
mν =
 0 (y1v1 + y2v2)/√2
(yT1 v1 + y
T
2 v2)/
√
2 mN
 . (4)
By taking proper values ofmN and y1,2, we can fit the the measured mass-square differences,
where the data are ∆m212 = (7.53±0.18)×10−5 eV2 and ∆m223 = (2.44±0.06)×10(−3) eV2
for normal hierarchy, or m223 = (1.52 ± 0.07) × 10−3 eV2 for inverted hierarchy [44]. Since
the neutrino effects are irrelevant to the current study, hereafter we do not further discuss
the detailed properties of neutrinos.
The VEVs v1,2 are dictated by the scalar potential, where the gauge invariant form is
given by [42]:
V (Φ1,Φ2) = m
2
1Φ
†
1Φ1 +m
2
2Φ
†
2Φ2 − (m212Φ†1Φ2 + h.c) +
1
2
λ1(Φ
†
1Φ1)
2
+
1
2
λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
[
λ5
2
(Φ†1Φ2)
2 +
(
λ6Φ
†
1Φ1 + λ7Φ
†
2Φ2
)
Φ†1Φ2 + h.c.
]
. (5)
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Since we do not concentrate on CP violation, we set the parameters in Eq. (5) to be real
numbers. In addition, we also require the CP phase that arises from the ground state to
vanish [41]. By the scalar potential with CP invariance, we have nine free parameters. In
our approach, the independent parameters are taken as:
{mh , mH , mA , mH± , v , tanβ , α , λ6 , λ7} (6)
with v =
√
v21 + v
2
2.
With the nonvanished λ6,7 terms in the potential, not only the mass relations of scalar
bosons are modified but also the scalar triple and quartic couplings receive the changes.
Since the masses of scalar bosons are treated as free parameters, the direct contributions of
λ6,7 to the process h → γγ in this study are through the triple coupling h-H+-H−. By the
constraint from b → sγ, the mass of charged Higgs can not be lighter than 480 GeV; the
contribution of the charged Higgs loop to the decay h→ γγ is small. That is, the influence
of λ6,7 on the constraint of parameter is not significant. Without loss of generality, in the
phenomenological analysis, we set λ6,7 ≪ 1. The detailed numerical study with λ6,7 ∼ O(1)
can be found elsewhere [43].
The physical states for scalars are expressed by:
h = −sαφ1 + cαφ2 ,
H = cαφ1 + sαφ2 ,
H±(A) = −sβφ±1 (η1) + cβφ±2 (η2) (7)
with cα(sα) = cosα(sinα), cβ = cos β = v1/v, and sβ = sin β = v2/v. In this study, h is the
SM-like Higgs while H , A, and H± are new particles in the THDM. Using Eqs. (1) and (2),
one can easily find that the fermion mass matrix is
Mf =
v√
2
(
cos βY f1 + sin βY
f
2
)
. (8)
If we introduce the unitary matrices V fL and V
f
R , the mass matrix can be diagonalized through
mf = V
f
LMfV
f†
R . Accordingly, the scalar couplings to fermions could be formulated as:
−LY φ = ℓ¯L ǫφyℓφ ℓR φ+ ν¯LVPMNS yℓH± ℓR H+ + h.c. , (9)
where φ = h,H,A stands for the possible neutral scalar boson, ǫh(H) = 1, ǫA = i, VPMNS is
the Pontecorvo-Maki-Nakagawa-Sakata matrix, and the Yukawa couplings yℓφ,H± are defined
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by:
(yℓh)ij = −
sα
cβ
mi
v
δij +
cβα
cβ
Xℓij ,
(yℓH)ij =
cα
cβ
mi
v
δij − sβα
cβ
Xℓij ,
(yℓA)ij = − tanβ
mi
v
δij +
Xℓij
cβ
, (10)
and yℓH± =
√
2yℓA with cβα = cos(β − α), sβα = sin(β − α) and
Xu = V uL
Y u1√
2
V u†R , X
d = V dL
Y d2√
2
V d†R , X
ℓ = V ℓL
Y ℓ2√
2
V ℓ†R . (11)
From these formulations, it can be seen that the Yukawa couplings of Higgses to fermions
can return to the type II THDM when Y u1 and Y
d,ℓ
2 vanish. The FCNC effects are also
associated with Y u1 and Y
d,ℓ
2 , which can be chosen to be diagonal matrices, as mentioned
earlier. The detailed Yukawa couplings of H , A, and H± to up- and down-type quarks are
summarized in the appendix.
In principle, Y f1,2 are arbitrary free parameters. In order to get more connections among
parameters and reduce the number of free parameters, the hermitian Yukawa matrices can
be applied, where the hermiticity of the Yukawa matrix can be realized by symmetry, such as
global (gauged) horizontal SU(3)H symmetry [49] and left-right symmetry [50]. Therefore,
the equality V fL = V
f
R ≡ V f can be satisfied. With the diagonal Y u1 and Y d,ℓ2 , the Xs′ effects
in Eq. (11) can be expressed as Xfij = V
f
ikV
f∗
jk y
f
k , where the index k is summed up. Since
no CP violation is observed in the lepton sector, it is reasonable to assume that Y ℓ1,2 are
real numbers. Based on this assumption, Xℓ is a symmetric matrix, i.e., Xℓij = X
ℓ
ji. In the
decoupling limit of α = β − π/2, the Yukawa couplings in Eq. (10) become:
(yℓh)ij =
mi
v
δij ,
(yℓH)ij = −(yℓA)ij = tanβ
mi
v
δij − 1
cβ
Xℓij . (12)
In such a limit, we see that the tree-level lepton FCNCs are suppressed in h decays; however,
they are still allowed in H and A decays.
Next, we discuss the scalar-mediated lepton-flavor-violating effects on the processes of
interest. Using the couplings in Eq. (9), the BR for h→ τµ is given by:
BR(h→ µτ) = c
2
βα(|Xℓ23|2 + |Xℓ32|2)
16πc2βΓh
mh. (13)
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With mh = 125 GeV, Γh ≈ 4.21 MeV, and Xℓ32 = Xℓ23, we can express Xℓ23 as
Xℓ23 = 3.77× 10−3
( cβ
0.02
)(0.01
cβα
)√
BR(h→ µτ)
0.84× 10−2 , (14)
where BR(h → µτ) can be taken from the experimental data. If one adopts the ansatz
Xℓµτ =
√
mµmτ/vχ
ℓ
µτ , χ
ℓ
µτ ∼ 2 fits the current CMS excess.
Moreover, we find that the same Xℓ23 effects also contribute to the decay τ → 3µ at tree
level through the mediation of scalar bosons. The BR can be formulated as:
BR(τ → 3µ) = ττm
5
τ
3 · 29π3
|Xℓ23|2
c2β
[∣∣∣∣cβαyℓh22m2h − sβαy
ℓ
H22
m2H
∣∣∣∣2 + ∣∣∣∣yℓA22m2A
∣∣∣∣2
]
(15)
with ττ being the lifetime of a tauon. Equation (15) can be applied to µ → 3e when the
corresponding quantities are correctly replaced. If we set Xℓij =
√
mimj/vχ
ℓ
ij and assume
that χℓij = χ
ℓ are independent of lepton flavors, the ratio of BR(µ → 3e) to BR(τ → 3µ)
can be naively estimated as:
Rµ/τ ∼ τµ
ττ
m5µ
m5τ
m3e
mτm2µ
= 3.5× 10−8. (16)
With the current upper limit BR(τ → 3µ) < 1.2 × 10−8 [45], we get BR(µ → 3e) <
4.2 × 10−16 in the type III model, which is far smaller than the current upper bound.
Nevertheless, the suppression factor of m3e/(mτm
2
µ) in Eq. (16) can be relaxed to be me/mτ
at the one-loop level, where the lepton pair is produced by virtual γ/Z in the SM. Since
the Xℓ23 parameter also appears in the decays µ → eγ and τ → µγ, which have stronger
limits in experiments, in the following analysis we do not further discuss these processes.
Additionally, to remove the correlation between τ → 3µ and µ→ 3e, χℓij should be taken as
being flavor-dependent.
The discrepancy in muon g − 2 between experimental data and the SM prediction now
is ∆aµ = a
exp
µ − aSMµ = (28.8± 8.0)× 10−10 [44]. Although muon g− 2 is a flavor-conserving
process, Xℓ23 andX
ℓ
21 also contribute to the anomaly through loops that are mediated by neu-
tral and charged Higgses. Thus, the muon anomaly in the type III model can be formulated
as [47, 65]:
∆aµ ≃ mµmτX
ℓ
23X
ℓ
32
8π2c2β
Zφ , (17)
Zφ =
c2βα
(
ln(m2h/m
2
τ )− 32
)
m2h
+
s2βα
(
ln(m2H/m
2
τ )− 32
)
m2H
− ln(m
2
A/m
2
τ )− 32
m2A
,
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where we have dropped the subleading terms associated with m2µ. The following question is
explored below: when the current strict experimental data are considered, can the anomaly
of ∆aµ be explained in the type III model?
As mentioned earlier, the radiative lepton decays µ → eγ and τ → (µ, e)γ in the SM
are very tiny and sensitive to new physics effects. In the type III model, these radiative
decays can be generated by charged and neutral Higgses through the FCNC effects. For
illustration, we present the following effective interaction for µ→ eγ:
Lµ→eγ = emµ
16π2
e¯σµν (CLPL + CRPR)µF
µν , (18)
where F µν is the electromagnetic field strength tensor, and the Wilson coefficients CL and
CR from neutral and charged scalars are given by:
CL(R) = C
φ
L(R) + C
H±
L(R) ,
CφL =
Xℓ32X
ℓ
13
2c2β
mτ
mµ
Zφ ,
CH
±
L = −
1
12m2H±
(
2Xℓ23X
ℓ
13
c2β
)
, (19)
where CφR = C
φ
L, C
H±
R = 0, and the BR for µ→ eγ is:
BR(µ→ eγ)
BR(µ→ eν¯eνµ) =
3αe
4πG2F
(|CL|2 + |CR|2) . (20)
It is clear that the factor Zφ in ∆aµ also appears in C
φ
L(R). In terms of ∆aµ in Eq. (17),
CφL(R) can be expressed as:
CφL(R) =
Xℓ13
Xℓ23
4π2∆aµ
m2µ
. (21)
Since CφL(R) has an enhancement factor of mτ/mµ, the contribution from charged Higgs
becomes the subleading effect. The formulas for τ → µγ can be found in the appendix.
From Eq. (19), we see that if flavor-changing effects Xℓij = 0 with i 6= j, the effective Wilson
coefficients CL,R vanish. That is, the contributions to the radiative lepton decays from other
types of THDM are suppressed. Therefore, any sizable signals of µ → eγ and τ → µγ will
be a strong support for the type III model.
The last process of interest is the decay Z → µτ . Other flavor-changing leptonic Z decays
also occur in the type III model; however, since the µτ mode is dominant, the present study
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focuses on the µτ channel. Besides the Z coupling to charged leptons, in the THDM,
Z-h(H)-A and Z-Z-h(H) interactions are involved, in which the vertices are [51]:
Z − h(H)− A : − gcβα(−sβα)
2 cos θW
(pA + ph(H))µ ,
Z −H+ −H− : − ig cos 2θW
2 cos θW
(pH+ + pH−)µ ,
Z − Z − h(H) : gmZ
cos θW
sβα(cβα)gµν (22)
where θW is Weinberg’s angle. The typical Feynman diagrams for Z → µτ are presented
in Fig. 1. Since many one-loop Feynman diagrams are involved in the process, we employ
Z
τ
τ µ
τ
h,H,A τ, ν
τ
µ
h(H), H+
A,H−
Z
µ
Z
Z
h(H)
τ
τ
Z
µ
τ
A, h(H)
h(H), H+
A,H−
FIG. 1: Representative Feynman diagrams for Z → µτ decay.
the FormCalc package [52] to deal with the loop calculations. The lengthy formulas are not
shown here; instead, we directly show the numerical results.
Before presenting the numerical analysis, we discuss the theoretical and experimental
constraints. The main theoretical constraints of THDM are the perturbative scalar potential,
vacuum stability, and unitarity. Therefore, in order to satisfy the perturbative requirement,
we set all quartic couplings of the scalar potential to obey |λi| ≤ 8π for all i. The conditions
for vacuum stability are [54, 55]:
λ1 > 0 , λ2 > 0 , λ3 +
√
λ1λ2 > 0,
√
λ1λ2 + λ3 + λ4 − |λ5| > 0,
2|λ6 + λ7| ≤ 1
2
(λ1 + λ2) + λ3 + λ4 + λ5 . (23)
Without losing the general properties, we set λ6,7 ≪ 1 in our numerical analysis. Effectively,
the scalar potential is similar to that in the type II THDM. Since the unitarity constraint
involves a variety of scattering processes, here we adopt the results of a previous study [53].
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Next, we briefly state the experimental bounds. It is known that b → sγ is sensitive
to the mass of charged Higgs. According to a recent analysis [61], the lower bound in the
type II model is given to be mH± > 480 GeV at 95% CL. Due to the neutral and charged
Higgses involved in the self-energy of W and Z bosons, the precision measurements of the
ρ-parameter and the oblique parameters [56] can give constraints on the associated new
parameters. From the global fit, we know that ρ = 1.00040 ± 0.00024 [44] and the SM
prediction is ρ = 1. Taking mh = 125 GeV, mt = 173.3 GeV, and assuming U = 0, the
tolerated ranges for S and T are found to be [57]:
∆S = 0.06± 0.09 , ∆T = 0.10± 0.07 , (24)
where the correlation factor is ρ = +0.91, ∆S = S2HDM − SSM, ∆T = T 2HDM − T SM, and
their explicit expressions can be found elsewhere [58]. We note that in the limit mH± = mA
or mH± = mH , ∆T vanishes [59, 60].
Since the Higgs data approach the precision measurements, the relevant measurements
can give strict limits on cβα and sα. As usual, the Higgs measurement is expressed by the
signal strength, which is defined by the ratio of the Higgs signal to the SM prediction, given
by:
µfi =
σi(h) · BR(h→ f)
σSMi (h) · BRSM(h→ f)
≡ σ¯i · µf . (25)
σi(h) denotes the Higgs production cross section by channel i and BR(h → f) is the BR
for the Higgs decay h → f . Since several Higgs boson production channels are available
at the LHC, we are interested in the gluon fusion production (ggF ), tt¯h, vector boson
fusion (VBF) and Higgs-strahlung V h with V = W/Z; they are grouped to be µfggF+tt¯h and
µfV BF+V h. The values of observed signal strengths are shown in Table. I, where we used
the notations µ̂fggF+tt¯h and µ̂
f
V BF+V h to express the combined results of ATLAS [62] and
CMS [63].
In order to study the influence of new free parameters and to understand their corre-
lations, we employ the minimum χ-square method with the experimental data considered.
For a given Higgs decay channel f = γγ,WW ∗, ZZ∗, ττ , we define the χ2f as:
χ2f =
1
σˆ21(1− ρ2)
(µf1 − µˆf1)2+
1
σˆ21(1− ρ2)
(µf2 − µˆf2)2−
2ρ
σˆ1σˆ2(1− ρ2)(µ
f
1 − µˆf1)(µf2 − µˆf2) , (26)
where µˆf1(2), σˆ1(2), and ρ are the measured Higgs signal strength, the one-sigma errors, and
the correlation, respectively. The corresponding values are shown in Table I. The indices 1
10
TABLE I: Combined best-fit signal strengths µ̂ggF+tth and µ̂VBF+Vh and the associated correlation
coefficient ρ for corresponding Higgs decay mode [62, 63].
f µ̂fggF+tth µ̂
f
VBF+Vh ± 1σ̂ggF+tth ± 1σ̂VBF+Vh ρ
γγ 1.32 0.8 0.38 0.7 -0.30
ZZ∗ 1.70 0.3 0.4 1.20 -0.59
WW ∗ 0.98 1.28 0.28 0.55 -0.20
ττ 2 1.24 1.50 0.59 -0.42
bb¯ 1.11 0.92 0.65 0.38 0
and 2 respectively stand for ggF+tth and VBF+Vh, and µf1,2 are the results in the THDM.
The global χ-square is defined by
χ2 =
∑
f
χ2f + χ
2
ST , (27)
where χ2ST is the χ
2 for S and T parameters; its definition can be obtained from Eq.(26) by
using the replacements µf1 → STHDM and µf2 → TTHDM, and the corresponding values can
be determined from Eq. (24).
Besides the bounds from theoretical considerations, Higgs data, and upper limit BR(µ→
3e) < 1.0× 10−12, the schemes for the setting of parameters in this study are as follows: the
masses of SM Higgs and charged Higgs are fixed to be mh = 125.5 GeV and mH± = 500
GeV, respectively, and the regions of other involved parameters are chosen as:
mH,A ⊃ [126, 1000]GeV , m212 ⊃ [−1.0, 1.5]× 105GeV2 ,
tan β ⊃ [0.5, 50] , α = [−π/2, π/2] . (28)
Since our purpose is to show the impacts of THDM on LFV, to lower the influence of the
quark sector, we set Xq ∼ 0 in the current analysis; i.e., the Yukawa couplings of quarks
behave like the type II THDM. The influence of Xq 6= 0 can be found elsewhere [43]. To
understand the small lepton FCNCs, we use the ansatz Xℓij =
√
mimj/vχ
ℓ
ij; thus, χ
ℓ
ij can
be on the order of one. Although h-ℓ+-ℓ− couplings also contribute to the h → 2γ process,
unless one makes an extreme tuning on χℓii, their contributions to h → 2γ are small in the
THDM.
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We now present the numerical analysis. Combining the theoretical requirements and
δρ = (4.0 ± 2.4) × 10−4, the allowed ranges of tanβ and cβα are shown by the yellow dots
in Fig. 2 , where the scanned regions of Eq. (28) were used. When the measurements of
oblique parameters are included, the allowed parameter space is changed slightly, as shown
by blue dots in Fig. 2. In both cases, data with 2σ errors are adopted. From the results, we
see that the constraint on cβα is loose and the favorable range for tan β is tan β < 20.
FIG. 2: Constraints from theoretical requirements and precision measurement of ρ-parameter
(yellow dots) and results (blue points) when measurements of oblique parameters are included.
To perform the constraints from Higgs data listed in Table I, we use the minimum χ-square
approach. The best fit is taken at 68%, 95.5%, and 99.7% CLs; that is, the corresponding
errors of χ2 are ∆χ2 ≤ 2.3, 5.99, and 11.8, respectively. With the definitions in Eqs. (26)
and (27), we present the allowed values of parameters in Fig. 3(a), where the theoretical
requirements, δρ, oblique parameters, and Higgs data are all included. In the plots, blue,
green, and red represent 68%, 95.5%, and 99.7% CLs, respectively. It is clear that cβα has
been limited to a narrow range and that the favorable values of tan β are less than 10. We
can understand the correlation between angle β and α from Fig. 3(b). We will use these
results to study other rare decays. For calculating ∆aµ and rare tau, µ, and Z decays, we
need information about the allowed masses of H and A. Using the results of χ-square fitting,
we present the correlation between mH −mH± and mA−mH in Fig. 4(a) and that between
m212 and mA −mH in Fig. 4(b), where the ranges of parameters in Eq. (28) are satisfied.
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FIG. 3: Bounds with χ-square fit as a function of (a) tan β and cos(β − α) and (b) β/pi and α,
where blue, green, and red denote ∆χ2 ≤ 2.3, 5.99 ,and 11.8, respectively.
FIG. 4: Correlations between (a) mH −mH± and mA −mH and (b) m212 and mA −mH , where
blue, green, and red denote ∆χ2 ≤ 2.3, 5.99, and 11.8, respectively.
After obtaining the allowed ranges of parameters, we analyze the implications of lepton-
flavor-violating effects on h→ µτ and other rare decays. From Eq. (13), it can be seen that
the h → µτ decay is sensitive to cβα, tan β, and χℓ23. In order to understand under what
conditions the CMS results of h → µτ can be reached in the type III THDM, we show the
contour for BR(h → µτ) = 0.84% as a function of tan β and cβα in Fig. 5(a), where the
solid and dashed lines stand for χℓ23 = 4 and 6, respectively. We find that in order to fit the
central value of the CMS results and satisfy the bounds from Higgs data simultaneously, one
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needs χℓ23 > 5. That is, with the severe limits of tanβ and cβα, an accurate measurement of
h → µτ can directly bound the χℓ23. To clearly show the correlation between BR(h → µτ)
and the parameters constrained by Higgs data, we plot the BR(h → µτ) in terms of the
results of Fig. 3 in Fig. 5(b), where we fix χℓ23 = 5 and blue, green, and red stand for the
best fits at 68%, 95%, and 99.7% CLs, respectively.
Χ23
{ = 4 
Χ23
{ = 6 
BR(h® ΜΤ)=0.84%
(a)
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FIG. 5: (a) Contour for BR(h → µτ) = 0.84% as function of cos(β − α) and tan β with χℓ23 = 4
(solid) and 6 (dashed). (b) BR(h → µτ) as function of cos(β − α), where blue, green, and red
stand for the best fits at 68%, 95%, and 99.7% CLs, respectively.
From Eq. (15), we see that the tree-level τ → 3µ decay is sensitive to the masses of
mH,A, tanβ, and χ
ℓ
23,22, but insensitive to cβα. In Fig. 6(a), we show the contours for
BR(τ → 3µ)×108 as a function of tan β and mH , where mA = 300 GeV, χℓ23 = 5, χℓ22 = −2,
and cβα = −0.05 are used. The values in the plot denote the BR for τ → 3µ; the largest
one is the current upper limit. Although a vanished χℓ22 still leads to a sizable BR(τ → 3µ),
its value influences the BR for the τ → 3µ decay. To understand the effect of χℓ22, we
plot BR(τ → 3µ) × 108 as a function of χℓ23 and χℓ22 in Fig. 6(b), where tan β = 6 and
mH(A) = 200(300) GeV. These parameter values are consistent with the constraints from
Higgs data.
From Eq. (A5), it can be seen that besides the parameters tanβ, mH,A and χ
ℓ
23, τ →
µγ at the one-loop level is also dictated by χℓ33. Since cβα has been limited to a narrow
region, like the τ → 3µ decay, τ → µγ is insensitive to cβα. We present the contours for
BR(τ → µγ)× 108 as a function of tan β and mH in Fig. 7(a), where we have included the
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FIG. 6: Contours for BR(τ → 3µ) × 108 as function of (a) mH and tan β with χℓ23(22) = 5(−2)
and (b) χℓ23 and χ
ℓ
22 with mH = 200 GeV and tan β = 6. In both plots, mA = 300 GeV and
cos(β − α) = −0.05.
one- and two-loop contributions and cβα = −0.05, χℓ23(33) = 5(0), and mA = 300 GeV. The
largest value on the curves is the current experimental upper limit. We see that with strict
constraints of Higgs data, BR(τ → µγ) in the typeIII THDM can still be compatible with
the current upper limit when the decay h→ µτ matches CMS observation.
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FIG. 7: Contours for BR(τ → µγ) × 108 as function of (a) tan β and mH with χℓ23(χℓ33) = 5(0)
and (b) χℓ23 and χ
ℓ
33 with tan β = 6 and mH(A) = 200(300) GeV. One- and two-loop effects are
included.
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According to Eq. (17), we know that muon g − 2 strongly depends on χℓ23, tanβ, and
mH,A. It is of interest to determine whether ∆aµ could be explained by the type III model
when the severe limits of involved parameters are imposed. With mA = 300 GeV, χ
ℓ
23 = 5,
we plot the contours for ∆aµ × 109 as a function of tanβ and mH in Fig. 8(a), where the
shaded region (yellow) stands for the central value with 2σ errors. From the plot, it is clear
that these parameter values, which satisfy the Higgs data and BR(h → µτ) = 0.84% can
also make (g − 2)µ consistent with the discrepancy between the experimental data and SM
prediction. Based on Eq. (21), it is found that µ → eγ can be expressed by ∆aµ. With
the ansatz Xℓij =
√
mimj/vχ
ℓ
ij, we show the contours for BR(µ→ eγ) as a function of ∆aµ
and χℓ13/χ
ℓ
23 in Fig. 8(b), where the numbers on the curves are the BR for µ → eγ decay
obtained by multiplying 1013. Clearly, in order to satisfy the bound from the rare µ → eγ
decay, χℓ13 has to be less than O(10−3). As a result, we get:
BR(h→ eτ) < 2× 10−4
(
χℓ13/χ
ℓ
23
10−3
)2
BR(h→ µτ). (29)
Hence, in the type III THDM, h→ eτ at least is an order of 104 smaller than h→ µτ .
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FIG. 8: (a) Contours for ∆aµ × 109 as function of tan β and mH with mA = 300 GeV, χℓ23 = 5,
and cos(β−α) = −0.05 and (b) contours for BR(µ→ eγ)×1013 as a function of ∆aµ and χℓ13/χℓ23,
where relation in Eq. (21) is adopted.
Finally, we discuss the decay Z → µτ . Similar to rare τ decays, BR(Z → µτ) is sensitive
to tanβ, mH,A, and χ
ℓ
23(33) in the type III model. Although we do not explicitly show the
formulas in this paper, we present the contours for BR(Z → µτ) × 107 as a function of
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tan β and mH in Fig. 9(a), where mA = 300 GeV, χ
ℓ
23(33) = 5(0), and cβα = −0.05 are
used. With the constrained parameters that fit the CMS results of h → µτ , we find that
BR for Z → µτ decay is BR(Z → µτ) < 10−6. The current experimental upper limit is
BR(Z → µτ)exp < 2.1 × 10−5. To understand the dependence of χℓ23, we also show the
contours as a function of tanβ and χℓ23 with mH = 200 GeV in Fig. 9(b).
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FIG. 9: Contours for BR(Z → µτ) × 107 as function of (a) tan β and mH with χℓ23 = 5 and
(b) tan β and χℓ23 with mH = 200 GeV. In both plots, we adopt mA = 300 GeV, χ
ℓ
33 = 0, and
cos(β − α) = −0.05.
In summary, we revisited the constraints for THDM. The bounds from theoretical
requirements, precision δρ, and oblique parameter measurements are shown in Fig. 2 and
the bounds from Higgs data with χ-square fit at 68%, 95.5%, and 99.7% CLs are given in
Fig. 3. We clearly show the tension of Higgs data on the parameters of new physics. With
the parameter values constrained by Higgs data, we find that the type III THDM can fit the
CMS result BR(h → µτ) = (0.84+0.39−0.37)%. With the same set of parameters, the resultant
branching ratios of tree-level τ → 3µ and loop-induced τ → µγ decays are consistent with
the current experimental upper limits. Under the strict limits of Higgs data, we clearly
show that the anomaly of the muon anomalous magnetic moment can be explained by the
type III model. The rare decay µ → eγ can be satisfied by small parameter χℓ13. As a
result, we expect that the branching ratio for h → eτ is smaller than that for the decay
h → µτ by an order of magnitude of 104. Additionally, we also calculated the branching
ratio for rare decay Z → µτ and the result is one order of magnitude smaller than the
17
current experimental upper limit.
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Appendix A
1. Yukawa couplings
The Higgs Yukawa couplings to fermions are expressed as:
−LhY = u¯L
[
cα
vsβ
mu − cβα
sβ
Xu
]
uRh+ d¯L
[
− sα
vcβ
md +
cβα
cβ
Xd
]
dRh
+ ℓ¯L
[
− sα
vcβ
mℓ +
cβα
cβ
Xℓ
]
ℓRh + h.c. , (A1)
where cβα = cos(β − α), sβα = sin(β − α) and Xfs are defined in Eq. (11). Similarly, the
Yukawa couplings of scalars H and A are expressed as:
− LH,AY = u¯L
[
sα
vsβ
mu +
sβα
sβ
Xu
]
uRH + d¯L
[
cα
vcβ
md − sβα
cβ
Xd
]
dRH
+ ℓ¯L
[
cα
vcβ
mℓ − sβα
cβ
Xℓ
]
ℓRH + iu¯L
[
−cot β
v
mu +
Xu
sβ
]
uRA
+ id¯L
[
−tan β
v
md +
Xd
cβ
]
dRA+ iℓ¯L
[
−tan β
v
mℓ +
Xℓ
cβ
]
ℓRA+ h.c. (A2)
The Yukawa couplings of charged Higgs to fermions are:
− LH±Y =
√
2d¯LV
†
CKM
[
−cot β
v
mu +
Xu
sβ
]
uRH
−
+
√
2u¯LVCKM
[
−tan β
v
md +
Xd
cβ
]
dRH
+
+
√
2ν¯LVPMNS
[
−tan β
v
mℓ +
Xℓ
cβ
]
ℓRH
+ + h.c. , (A3)
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where CKM and PMNS stand for Cabibbo-Kobayashi-Maskawa and Pontecorvo-Maki-
Nakagawa-Sakata matrices, respectively. Except the factor
√
2 and CKM matrix, the
Yukawa couplings of charged Higgs are the same as those of pseudoscalar A.
2. τ → µγ decay
The effective interaction for τ → µγ is expressed by
Lτ→µγ = e
16π2
mτ µ¯σµν (C
′
LPL + C
′
RPR) τF
µν , (A4)
where the Wilson coefficients C ′L and C
′
R from the one-loop neutral and charged scalars are
formulated as:
C ′L(R) =
∑
φ=h,H,A,H±
C ′φL(R) ,
C ′hL =
cβαX
ℓ
32
2m2hcβ
yℓh33
(
ln
m2h
m2τ
− 4
3
)
, C ′HL =
−sβαXℓ32
2m2Hcβ
yℓH33
(
ln
m2H
m2τ
− 4
3
)
,
C ′AL = −
Xℓ32
2m2Acβ
yℓA33
(
ln
m2A
m2τ
− 5
3
)
, C ′H
±
L = −
1
12m2H±
(√
2Xℓ32
cβ
)
yℓH±33 , (A5)
C ′h,H,AR = C
′h,H,A
L and C
′H±
R = 0. In addition, the contributions from two loops are given
by [9, 64, 65]
C
ht(b)
2L = C
ht(b)
2R = 2
cβαX32y
u(d)
h33
cβ
NcQ
2
fα
π
1
mτmt(b)
f
(
m2t(b)
m2h
)
,
C
Ht(b)
2L = C
Ht(b)
2R = −2
sβαX32y
u(d)
H33
cβ
NcQ
2
fα
π
1
mτmt(b)
f
(
m2t(b)
m2H
)
,
C
At(b)
2L = C
At(b)
2R = −2
X32y
u(d)
A33
cβ
NcQ
2
fα
π
1
mτmt(b)
f
(
m2t(b)
m2A
)
,
CW2L = C
W
2R =
sβαcβαX32
cβ
gα
2πmτmW
[
3f
(
m2W
m2H
)
+
23
4
g
(
m2W
m2H
)
+
3
4
h
(
m2W
m2H
)
+
m2H
2m2W
(
f
(
m2W
m2H
)
− g
(
m2W
m2H
))]
− (mH → mh) ,
(A6)
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where the loop functions are
f(z) =
z
2
∫ 1
0
dx
(1− 2x(1− x))
x(1− x)− z ln
x(1− x)
z
,
g(z) =
z
2
∫ 1
0
dx
1
x(1− x)− z ln
x(1− x)
z
,
h(z) = −z
2
∫ 1
0
dx
1
x(1 − x)− z
[
1− z
x(1− x)− z ln
x(1− x)
z
]
. (A7)
The BR for τ → µγ is expressed by
BR(τ → µγ)
BR(τ → µν¯µντ ) =
3αe
4πG2F
(|C ′L|2 + |C ′R|2) . (A8)
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